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SUMMARY 

An experimental. investigation w a s  conducted on a single  turbojet  
engine combustor and on a turbojet  engine using a f u e l  mixture consist- 
ing of 70 percent  trimethyl  borate and 30 percent methyl alcohol. Such 
a f u e l  mixture when burned i n  an engine  produces boric oxide a t  about 
1/3 the rate tha t  would be  obtained if a high-energy f u e l  such as penta- 
borane w e r e  used. In the  single  conbustor, use of the  trimethyl  borate 
fuel   resul ted in excessive  boric  oxide  deposits in  the areas surrounding 
the air entry  holes in  the liner of the conbustor. The single-canbustor 
conibustion efficiency was 82 percent as.compaxed t o  97 percent when 
MIL-F-5624A j e t   f u e l  (grade JP-4) is burned. An increase in pressure 
drop  across  the combustor was observed  with  an  increase in operating 
time. In the turbojet  engine the  boric-oxide  deposits  vere  excessive; 
they were  most severe on the domes and l iners  of the   cmustors ,  on the 
outlet  screens of the  rear-bearing  cooling-air  passages, and in the t a i l  
cone and t a i l  pipe. The- e s t i m t e d   t o t a l  weight of the  boric-oxide 
deposits on the  various  engine  parts after 1 hour, 50 minutes of opera- 
t ion  was about 61 pounds. During the f i r s t  45 minutes of engine opera- 
tion, no change i n  engine performance was caused  by the  boric-oxide 
deposits  in  the engine. However, a f t e r   t h i s  time %he f u e l  flow could 
not be maintained and the  engine  speed and t h rus t  dropped below the 
rated  values. 

INTRODUCTIOM 

Improvements in   the   spec i f ic   fue l  consumption and., hence, airplane 
range can be realized i f  fuels  having heats of cmbustion  higher  than 
present hydrocarbon f u e l s  are used in  jet engines. Two high-energy fuels  
which are  being  considered are diborane and pentahorane. One character- 
i s t i c  of these high-energy fuels is the  presence of boric  oxide in   t he  
products of conbustion. Because boric oxide has a low melting  point and 
does not  vaporize  readily,  the  oxide  occurs  as a l iquid in the  products 
of conhwtion until it is  sol idif ied by coming in contact  with a rela-  
t ively  cool engine pa r t   ( a t  temperatures iess than lDoOo F) . By t h i s  
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process,  boric-oxide  deposits will form i n  an engine  using the previ- 
ously mentioned  high-energy fuels. These deposits may af fec t   the  engine 
performance and necessitate the redesign of some of the engine com- 
ponents. The magnitude of the  deposits,  their  locatiafls  in  the engine, 
md their-   effect  on engine performance must be de-xied before w i s e  
design changes ca&be effected  to  permit  the use of high-energy fuels. 

.. 
. -  

High-energy fuels are  not  readily avaibble in large  quantities a t  
the  present time; furthermore,  they  offer  considerable problems in 
handling. In   order   to  determine where boric  oxides w i l l  be deposited z 
in  turbo jet  engines, it is convenient t o  use fuels which produce boric 
oxide upon  combustion, but which =e more readily available and more 
eas i ly  handled than the high-energy fuels.  Two such fuels are t r ibu ty l  
borate and trimethyl borate. 

ccl 

. .  

A prelimimy  investigation  using  a 50-50 mixture of-tributyl  bprate 
and MIL-F-5624A (Gade JT-4) f u e l  w a s  made i n  a turbo jet engine ( re f .  1) 
The mixture of tr ibutyl  borate and MIL-F-5624A f u e l  produced boric &de 
in the  products of codust ion a t  the rate of about 370 pounds per hour 
for the test conditions  and  engine used in reference 1.. For a high- 
energy fuel the rate a twhich  boric oxide would be formed i n  thsenglne 
of reference 1 would be about 5820 pounds per hour f o r .  diborane and 
about 7410 pounds per hour far pentaborane. Although the t r ibu ty l -  
borate f u e l  blend used in  reference 1 produced boric oxide a t  a rela- 
t lve ly  low ra t e  as compared w i t h  the high-energy fuels  being  considered, . 
it was used  because it was the  only  boric oxide producing fue l   read i ly  
available at the tFme and it could be used t o  determine the  locations 
within the engine where deposits were most likely t o  form. The result8 
of reference 1 indicated  that-the combustors accumulated the  greatest  
amount ofdeposi ts .  Because the r a t e  of formation of boric oxide was 
considerably  beloWthat which  would occur if a high-energy fuel was 
used, the  boric-oxide  deposiks were not severe and no loss i n  engine. 
performance was observed. 

'c 

It was thought-that  a  fuel  groducing  boric  oxide a t  a greater   ra te  
than  the  fuel ui%ed"in ref'erence 1 should be investigated  to determine 
whether the  boric-oxide  deposits  wouldbe greater than  those  reported 
in  reference 1, and whether the engine performance would be  appreciably 
affected. A fuel blend  consisting of 70 percent  trimethylborate and 
30 percent methyl alcahol  (by  weight) yas obtained after the. results of 
reference 1 w e r e  reported. The trimethyl  borate f u e l  was investigated 
i n  a single 533 turbojet  engine  conbustor and In  a. 533. .turbo j e t  engine. 
The. results of this  investigation are reported  herein.. .The single- 
combustor t e s t s  were made t o  determine  whether the  deposits in the com- 
bustor  would.be S o  .@eat &6 t o  preclude. op&a€&on o f .  the engine  with . 
t r ~ e t h y l  borate fuel. After  the  feasibil i ty of using this fue l   fo r   t he  
engine tests was-demonstrated . w i t h  the single-conibustor.i.nvestigatiop, 
the full-scale engine tests w e r e  made. When used in- the  turbojet  engine t 
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of this  investigation,  the  trimethyl  borate  fuel  blend produced boric 
oxide a t   t h e  rate of about 2420 pounds per hour at ra ted engine speed, 
which is about 6.6 times greater  than  the f u e l  used in reference 1. For 
both the single-conbustor and engine tests, the  duration of operation 
with  the  special  fuel  blend was about 2 hours. 

The f u e l  used in this  investigation  consisted of a mixture of 
70 percent  trlmethylborate and 30 percent methyl alcohol'by weight. 
Some measured physical  properties of t h i s  blend are as follows: 

SpecWic gravity, 60°/600 F . . . . . . . . . . . . . . . . . .  0.8938 
Viscosity a t  1000 F, centistokes . . . . . . . . . . . . . . .  0- 424 
Net heat of codustion, Btu/lb . . . . . . . . . . . . . . . .  9699 

This f u e l  was used i n  the  investigation because it produced more boric 
oxide  than any of the  other  available  boric-oxide-producing fue l s  and 
thereby most nearly.amroached the boric-oxide  formation  rates of high- 
energy f u e l s .  The rated engine  speed  fuel-flow  requirements of the 
turbojet  engine used i n  this  investigation  resulted in  boric-oxide f o r -  
lnation in the products of c d u s t i o n  a t  the r a t e  of about 2420 pounds 
per how- 

Single Colnbustor 

Deposition t e s t s  were conducted in a single J33 turbojet englne 
combustor instal led in  an auxi l iary  duct   faci l i ty  slmilar t o  that 
described in  reference 2. A diagram of the combustor ins ta l la t ion  show- 
ing the  location of instrumentation  planes is  presented in  f igure 1. 
The conical  inlet   section  indicated  in  f igure lwas used in  p b c e  of the 
full-scale  production engine diffuser in order t o  provide a symmetrical 
in le t -a i r  flow t o   t h e  collibustor. The exhaust  section was also  mdLfied 
t o   r e t a i n  a constant  6-inch I.D. circular  cross  section  damstream of 
t h e  conibustor t o  the  instrumentation  plane D-D. 

C o m b u s t o r  inlet- asd outlet-air  pressures were measured by to ta l -  
pressure  tubes a t  planes A-A and D-D, respectively;  inlet-air and exhaust- 
gas  temperatures were determFned by exposed single-junction iron- 
constantan and single  shielded chromel-alumel  thermocouples a t  planes 
B-B and C-C, respectively  (fig. 1). Construction  details of the temper- 
ature and presswe measuring instruments  are-presented i n  reference 2. 
The axial location of the exhaust-gas thermocouples corresponds approx- 
Fmately t o  +he position of the  turbine i n  the  ful l -scale  engine. Air 
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flow and fue l  flow ra t e s   t o   t he  canbustor were  measured by a square- 
edged or i f ice  and a calibrated  rotameter,  respectively. 

For injection of the   spec ia l fue l .  bIend, a production-type, hollow- 
cone s w i r l  nozzle was modified  by  enlarging  the  orifice Fn the  nozzle 
t i p  t o  permit a l iquid flow ra t e  of 80 gallons per hour a t  a nozzle 
differential  pressure of LOO pounds per squase  inch. An increased 
capacity was required because o r  the re la t ive ly  low heating value of 
the fuel blend. The naminal angle of the  resulting  conical  spray was 3'. 

The single collibustor w a s  operated a t  the following conditions: 

Condition 

A B 

Inlet-air  pressure,  in. Hg ab6 
me t -a i r  teqera ture ,  OE 

53.9 39.8 

2.87 1-04 A* flow rate, lb/sec 
I l l 0  1520 Exhaust-gas  temperature,. ?F 

271 296 

A test  run of 2 hours'  duration was  conducted for  conditions A and 
B. During  each run, data were recorded for the  determination of t o t a l -  
pressure drop  through the combustor and-the  calculatfon  otcombustion 
efficiency. -Values  of-conibustion efficiency  reported  herein were agprox- 
mated from a theoretical  consideration that assumed c q l e t e  coaibustion 
of the f u e l   t o  B203, C02, and H20. From the temperature rise through 
the combustor between planes B-E and C-C ( f ig .  1) and the operating  fuel- 
air ratio,  the  enthalpy rise of the conibustlon products and the exce8s 
air were determined by  using  reference 3. CombustIan efficiency was 
then  calculated as the   ra t io  of the enthalpy  rise of these  products 
through the combustor to  the  net  heat of conibustlon of the  fuel.  

Engine Investigation 

A standard  production J33-9 turbojet  engine w&s used f o r  thia 
investigation. The engine was instrumented t o  permit  the measurement of 
engine  speed, thrust, fue l  consumption, and exh.ust-gas  temperature. 
Because of the law heating value of the t r imthy1  borate   fuel  blend, it 
was necessary t o  provide for  a greater volume of. f u e l  flow. To accom- 
p l i sh  this, the  engine was equipped with a dual-type f u e l  pump and 
duplex-type f u e l  nozzles. 

The engine was to be operated a t  an- engine  speed of 11,500 rpm 
(maximum rated engine  speed). Because of .operational  difficulties, how- 
ever, it was necessary ta reduce. the engine speed after the first 45 min- 
utea of engine  operation. The t a i l  pipe  nozzle was w u s t e d  t o  give  an 
exhaust-gas  temperature of 1300° F at. rated engine 6ped .  Engine data 

c 
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were recorded a t  approxhmtely 10-minuti= interi-als so that any change ir, 
engine  performance due t o  formation of boric oxide  deposits in  the engin.= 
could  be  detected. 

When the supply of trimethyl  borate  fuel  blend was exhausted, the 
engine was disassenibled  and the  engine  parts were inspected  for  deposits 
of boric  oxide. Some of the engine par t s  having the  greatest amount of 
deposits upon them were weighed  and the  deposits were then removed from 
the parts.  The parts were then weighed in  their   c lean  s ta te  and in t h i s  
way the amount of deposit on a weight basis was determined. 

RESULTS AND DISCUSSIOET 

Single Conibustor 

Deposition. - A photograph of the 533 c d u s t o r  liner and dome 
assenibly a f t e r   t he  2-hour test a t  condition A (see APPARATUS AND 
PROCEDURE) is presented in   f igure  2. Excessive  deposits comgosed  of a 
white powder and a vitreous, d e r  mter ia lwere  present  throughout the 
combustor and on the  igni t ion spask plug. Less severe  deposition 
occurred in the dome =ea of the combustor and on the  fuel   in ject ion 
nozzle t i p .  A chemical analysis of both  materials  indicated a composi- 
t ion  of 98 t o  99 percent B2O3. No determination was made f o r  the remain- 
ing impurities. 

Similar resu l t s  were obtained  with a second 533 conhustor  operated 
a t  condition B. There was no noticeable change in  deposition  resulting 
from the  decrease i n  exhaust-gas  temperature. In both tests, the  boric 
oxide  coated the exhaust-gas  duct  with  an even, vitreous  coating  approxi- 
mately 1/8 inch  thick.  Deposits of the  oxide were also  present on the 
exhaust thermocouples  and pressure  rakes. 

Extreme buildup of deposits  generally  occurred  in  areas  surrounding 
the  air   entry  holes of the lher. Since  boric  oxide  solidifies at  842O 
and 1070’ F for   the crystalline and vitreous forms, respectively, it 
appeared that the cooler conibustfon air entering through these  holes 
sol idif ied  the  l iquid material in  the  codustor.  Because of the  nature 
of the  deposition, it is believed  that minor conibwtor modifications,  as 
might be employed t o  reduce carbon formation, would not r e s u l t  i n  any 
appreciable  reduction i n  boric-oxide  deposition.  SignFficant  reduction 
might, however, resu l t  from a large  increase in inlet-air  t-erature, 
which  would tend t o  r e t a in  the boric  oxide i n  a f lu id   s ta te .  

Combustion efficiency. - Calculated colnbustion efficiencies  for 
t e s t s  A and B w e r e  82.3 “82.2 percent,  respectively. The over-all 
average  exhaust-gas  temperatures and, hence,  canibustion efficiency 
remained relatively  constant  throughout  the tests. For comparison pur- 
poses, it may be  noted that, a t  conditions similar to  those used in   t he  
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present- investigation, combustion efficiencies  obtained  with a typical 
mL-F-5624A, grade JP-4 fue l  would be i n  &cess of 97 percent  for  this 
conibustor. 

. 
L 

Ignition. - Attempts t o  igni te   the  special   fuel  w e r e  unsuccessful 
a t   t h e  s t a r t i n g  conditions normally  used with typical MIL-F-5624A j e t  
f u e l s .  Because the  stoichiometric  fuel-air  ratio was  much higher  for 
the  tr imethylboratcblend, it was necessary t o  provide  a substantial  
increase in the  s tar t ing  fuel  rate before  ignition w a s  possible.  Greatly W 
diminished a i r  flow rates  were also requlred. It i s  doubtful that igni- 
t i on  could have been  accomplished a f t e r  a 2-hour period owing t o  a c e s -  
sive  oxide  deposits on the  spark  plug. . - . - 

0-2 
03 
N 

. .  .. . - .  

Temperature distribution. - A plot of the exhaus-s temperature 
distribution after 1 hour's operation a t  condition A is shown i n  f ig -  
ure 3. The data indicate  that  a re la t ively uniform temperature dlstri- 
bution  exists  desplte  excessive liner deposits. An evaluation of the 
exhaust-gas t a p e r a t u r e s   a t  1-hour intervals for  both test conditions 
yielded similar, symmetrical distributions.  

Pressure drop. - Pressure drop through the cogibustor from planes 
A-A t o  D-D (fig. 1) showed a  steady  increase  throughoutrboth test runs. 
For condition B the  pressure drop increased from 3.7 inches mercury 
absolute a t  the start of the  run t o  5.4. inches mercury absolute a t  i t s  
completion. A ~imil8.r r a t e  of increase wa6 observed f o r  condition A. 

Engine Investigation 

For this phase of the investigation 18,800 pounds  of tbe  trimethyl 
borate  fuel  blend w e r e  available. Because -of the low heating value of 
t h i s   f u e l  blend, this  quantity  oFfuel  permitted  operation of the engine 
for only 1 hour and 50 minutes. The r a t e  a t  which boric oxide was formed 
i n  the  products of conibustion &t rated engine speed was about 2420 pounds 
per  hour. If a typical  high-energy fuel had been used, the   ra te  at which 
boric  oxide would have been  produced in this  engine would be  about 5820 
and 7410 p0Unas per hour for diborane and pentaborane, respectively. 
Consequently, the accumulation of boric oxide on the engine parts of t h i s  
investigation would be   eqec ted   t o  be ~FmilaJr although  possibly  less than 
those that- m u l a  be ubtained if a high-energy f u e l  had been  used. 

Photographs of var ious  engine parts  as  they appeared a f t e r  1 hour 
and 50 minutes of engine operation with the  trimethyl  barate  fuel  blend 
are  sham. in  figures 4 t o  E. The deposits that formed in the combustion 
chmibers were generally white and crystalUne, while  the  deposits formed 
damatream of the conibustors were vitreous. Th i s  vitreous deposft had a 
reddish, d e r  color.and was opaque. The deposits that formed with  the 
trimethyl  borate fuel were i n  a l l  cases  considerably  thicker  than  those - 

.. 
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reported  in  reference 1. The thickest  deposits were found in the com- 
bustors and i n  the t a i l  pipe. The turbine  rotor was re la t ive ly   f ree  of 
boric-oxide  deposits. 

Conibustor domes. - The engine used in this   invest igat ion has 
14 coldbustors. The domes from combustors rimer 9, 10, and 14 &re sham 
in figure 4. The deposits i n  the domes of combustors 9 and 14 axe typ- 
ical of most of the domes. The dome of combustor 14 contalns a spark 
plug. The  dome of conibustor 10 i s  shown because it was  one of two domes 
tha t  were r e l a t ive ly   f r ee  of deposits. The deposits on these  parts w e r e  
partly  vitreous and par t ly   crystal l ine.  The crystall ine  deposits b u i l t  
up t o  a  thickness of about 114 inch in some locations on the domes. The 
air  spinner  disks were completely plugged with  a  coating  about 1/4 inch 
thick. The f u e l  nozzles w&e hibedded in  the  deposit on the  spinner 
disks, but the f u e l  or i f ices  were not  closed in  my one of the cam- 
bustors. When the f u e l  nozzles were disassenibled, none of the  screens 
in  the  nozzles was plugged.  There was a heavy deposit of boric oxide 
on the  spark  plug shown In dome  number 14 but  the gap was not closed. 

Burner l iners .  - The deposits formed in the burner l iners   a re  shown 
in  figure 5. The deposits i n  these parts w w e  the  crystall ine  type and 
i n  some locations in the Liner they b u i l t  u .  t o  a thickness Of li inches- 
Deposits  such as t h i s  would certainly increase  the  pressure loss  through 
the combustors and perhaps  decrease  the  conbustion  efficiency. Toward 
the   ex i t  of the  burner  liners  the  deposit was the vitreous  type and 
collected a t  the exit of the  burners in  Urge clumps  of boric oxide as  
sham in figure 6. It appears that redesign of the caaibustors would be 
necessary for satisfactory  operation of the engine  with a high-energy 
fuel .  

Turbine  nozzle diaphragm. - The deposits that collected on the 
nozzle diaphragm are shown i n  f igure 7. Most of this par t  was covered 
with a  vitreous coating although  there were some nozzle bLades that were 
covered with a w h i t e  powdery coating. A t  the  locations between adjacent 
burn- liners  the  build-up of boric  oxide eXt;ended into  the passages 
between some of the nozzle  blades.  This  deposit would decrease  the 
flow area through the nozzle diaphragm sl ight ly .  

Turbine rotor.  - The deposits on the  turbine r o b  were very similar 
t o  those  reported i n  reference 1. The coatings on the  rotor blades were 
th in  and vi t reous and had rad ia l  flow m e 6  on the  blade  surfaces, show- 
ing that the   cwt ing  flared along the blade length and was thrown from 
the  blade  t ips  (f ig.  8). The turbine  disk  also had a very thh vitreous 
coating  exhibit ing  radial  flow l ines   tha t  were similar t o  those formed 
on the tuxbine blades. 
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T a i l  cone. - The inside  surface of the t a i l  cone was coated with a 
uniform deposit of the amber-colored vitreous  boric oxide, as sham in 
figure 9. Figure 9(a) is  a view- looking i n  the  damstreain  direction. 
The coating was about 1/4 inch thick. The outside of tzle inner cone was 
coated in 8 similar m e r  (f ig .  9(b) )  as well as the heat shield i n  
the  inner cone of the t a i l  cone. The deposit on the heat ehield must 
have resulted from the circulation of co&bustion gas between the turbine 
rotor and the inner cone. . . .  

(D 

T a i l  pipe and t a i l  pipe  nozzle. - The inside of the tail pipe was 
covered w i t h  a ripply uneven coating of aniber-colored vitreous boric- 

% 
N 

oxide deposit, as sham. in   f igure  10. A mEiximum deposit thickness of 
about 1/2 -inch was observed. The section of the t a i l  pipe that shows a 
s t r i p  of very thin  coating  (the  right side of the tail pipe i n  f ig .  10) 
is  immediately  darnstream of one of the   s t ru ts  i n  the t a i l  cone. There 
were four such  regions in  the t a i l  pipe  corresponding  to-the four s t ru t s  
i n  the tai l  cone. These weag of thin  coating can also be seen in 
figure 9(b) . 

R&r turbine bearing cooling-air  screens. - I n  a 533 engine, the 
rear turbine bearing i s  cooled by a i r  ahich is pumped across the r e a -  
bearing housing  by a small impeller on the front  face of the turbine 
rotor. The cooling air enters  and leaves the a i r  pump through i n l e t  and - 
outlet  Bcreens as sham i n  figure 11. After the air pasaes through the 
outlet  screen, it is-discharged  into the space bebeen  the conkustors 
and the housing for the compressor and turbine  shafts. In f l ight ,   the  . 
flow of cooling air through  the  impeller is augmented by the ram pres- 
sure  existing i n  the  engine  nacelle. - 

In  the present  investigation,  conbustion gases lealred radially 
inward through the gap between the  s ta tor  and the  rotor, and boric-oxide 
deposits  almost  completely plugged the  cooling-air  exit  screens as shown 
in   f i gu re  2-3.. This condition may not be a s  severe in an airplane 
in8talla;tion where ram pressure i s  avaihble ,  but  it i s  a cmdi-t;ion tbt 
m u s t  be  considered i n  a s ta t ic   instal la t ion.   After  the mixture  of bear- 
i n g  coolkg  a i r  and corchustion gases  passed through the discharge  screen6, 
a w h i t e  powder was deposited on the outside of the conibustors as Shawn in  
figure 12. These deposits, though rather thick as sham  in   f igure  l2(b),  
would have no ef fec t  on engine performance because  they  are on the  
exterior  surface of the engine. 

Weight of boric oxide  deposited on various  engine p q t s .  - After a l l  
the f u e l  was used, the engine was dl.8asse11ibled and the engine parts 
exhibiting large amounts of deposits were  weighed before and after  they 
w e r e  cleaned so that the weight of the deposit formed on the various 
parts  could  be determined. The burner domes and lbers of combustors 
nuniber 9, 10, ana 14w'ere -chosen as typical, and the weights of deposi%s 
on these par ts  were used as a basis f o r  calculating  the weight of deposit c 

- 
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i n   a l l  14 conbustors. Photographs of burner domes 9, 10, and 14 are  
sham in f igure 4, and burner liner 14 is  shown in figure 5. The weights 
of boric-oxide  deposits on the engine parts  are  presented Fn the follow- 
ing  table: 

Par t  Deposit, l b  

I Burner dome 9 I 0.16 I 
t 10 I 0.03 - 1  

I Short  tail-pipe  sectiona I 7.53 I 

%his is  a short (24 i n . )  section of tai l  
pipe immediately downstream of the t a i l  cone. 
This section i s  easily removed f o r  quick 
inspection of turbine  bbdes.  

The deposits on the  turbine blades and rotor  disk were not weighed 
because they were so small they were considered  negligible. The amount 
of deposits on the  outside of the  codustors   ( f ig .  12) was not  deter- 
mined because this was & very  light, powdery form of deposit;  further- 
more, much of the  deposit on the conibustors was unavoidably knocked off 
during  disassenibly of the  engine and the weight would not  be  accurate. 

From the weights in the  preceding  table, it was possible to esti- 
mate t h e   t o t a l  weight of boric oxide that was deposited on the various 
engine components, including  the tail pipe, as about 61  pounds. 

Effect of boric-oxide  deposits on engine perfarmance. - The var i -  
a t ion of engine performance during  the  investigation is shown i n  f ig-  
ure l3, which presents  the  variation of engine-speed,  exhaust-gas tern- 
perature,  fuel flow, and thrust   with engine  operating time. During the 
f i r s t  45 minutes of operation,  there was little variation in engine 
performance. After 45 minutes of operation,  the engine  speed, exhaust- 
gas temperature, f u e l  flow, and thrust decreased  steadily  until  the f u e l  

speed  (11,500 rpm) by Fncreasing the t h r o t t l e  opening,  because  opening 
the   th ro t t le  did not increase  the  fuel flow. This  indicated  that  there 

- supply was efhausted. It w a s  not  possible t o  maintain  rated  engine 

c 
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was a r e s t r i c t ion  i n ,  the f u e l  l ines  upstream of the   tb ro t t le .   Pr ior . to  
the start of this  investigation, a l l  fue l   fF l te rs  except one were z 
removed from the fuel system in order t o  reduce fuel  pressure  losses t o  
a minimum. A t  the  conclusion of engine  operation,  the f i l ter  was 
examFned and found t o  have an accumulation of a white powdery substance 
w h i c h  apparently clogged t h e - f i l t e r   t o  such an extent that the fuel =ow 
was restricted. When the drop i n  engine speed was observed, it was 
thought best t o  continue  operation  rather than shu t  the engine down t o  
correct  the  difficulty because it was f e l t . i t  might be  difficult ,  if not 
impossible, t o  restart the englne once a large amount of deposits had 
formed within the engine. 

.(o m 
00 
hl 

No change in the engine performance resulted from the  build-up of 
deposi ts   in   the engine during the f i r s t  45 minutes of operation.. No 
conclusions can be drawn concerning  the  effect of deposits on the  engine 
performance after the first 45 minutes when the speed began t o  decrease 
because, it i s  not  possible  to  separate  the  effect- of the fuel f i l ter  8 

plugging from the  effects  of the  deposit  formation on the  engine 
components. . .. 

SUMMARY OF RESULTS 

The results  obtained i n  the  investigation of a fuel mixture  contain- 
ing 70 percent trimethyl borate an& 30 percent  alcohol i n  a single 533 
codmator and i n  a 533 turbojet  engine are summaxized as follows: 

1. Extreme build-up of boric-oxide  deposits  generally  occurred i n  
areas surrounding the a i r  entry holes in the Uner of the  single com- 
bustor. 

2 .  The combustion efficiency of the single combustor operating on 
trimethyl  borate  fuel was about 82 percent, and remained constant 
throughout the tests. A t  conditions similar t o  those i n  the present 
investigation, cambustion efficiency with "I-F-5624A j e t  fuel (grade 
Jp-4). would be Sn excess of 97 percent. 

3. The exhaut-gas-temperature  distribut-ion near the   out le t  of the 
single conibustor was re la t ive ly  uniform in sp i te  of the excessive  baric- 
oxide  deposits in  the conibustor. 

4- The pressure drop through  the single combustor increased steadily 
w i t h  operating  time. 

5. In  the  turbojet  engine used i n  this investigation heavy deposits .. 
of boric oxide formed on nearly a l l  of *.engine par ts  exposed t o  the 
conibustion gases. The boric-oxide  deposits i n   t he  engine were heaviest 
Fn the ccmibustora and on the  outlet-screen  for  the rem turbhe  bearing L 
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cooling air. It appears that redesign of the  codbustors would be nec- 
essary for successful  operation of the engine with high-energy fuel. 
In  general,  the  heaviest  baric-oxide deposits formed on the parts of the 
engine where the conibustion gas was suddenly  chilled. The deposits on 
the  turbine  blades w e r e  very  thin. 

6. The estimated t o t a l  weight of boric oxideformed in the engine 
and t a i l  pipe after 1 hour and 50 minutes of engine  operation w a s  
61 pounds. 

7. The engine performance was not  affected  for about the first 
45 minutes  of  operation. No conclusions  could be drawn concerning the 
effects  of deposits on the  engine performance after the f irst  45 min- 
utes of operation. 

Lewis Flight  Propulsion  Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, March 25, 1953 
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Figure 3. - Average combuetor outlet  ttmperature  distribution for J33 single ComrbU8tOr 
a f t e r  1-hour operation with trimethyl borate - alcohol blend a t  condition A. 
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Figure 5. - Borlc-oxlde depoaits on c o m b u s t o r  l b r  14. V i e v  lmking dowastream. 
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Figure 6. - BorFc-oxide deposits at exit of combustors. 
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Figure 7. - kric-oxide deposits on nozzle dhphragm and stationary vane of bearing 
cooling-air pump. 
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(a) View looking downstream. 

Figure 9. - Boric-oxidadeposits on inner surface of t a i l  cone. 
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(b) View looking upstream. 

Figure 9. - Concluded.. Bdic -ox ide  depos-i-& on  inner surface of tail cone. 
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Figure  10. - Boric-oxide  deposits at exit of tail pipe. - 
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Figure 11. - Boric-oxide deposits on outlet screens in bearing cooling-air 
discharge passsges. 
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(a) V i e w  of combustor surfaces facing radiany outward. 

Figure 12. - €brig-oxide deposits on outer ~ m f a c e  of .combustors. 
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(b) V i e w  of combustor surfaces facing r a d i a l l y  inward. 

Figure 12. - Concluded. Boric-oxide deposits OR outer ~urface of combustors. 
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Figure 13. - Variation of engine performance with aperating 
time when trimethyl borate - alcohol blend wae used. 

. 

NACA - Langley Fleld. V e  



1’ 
L 

i 
I 

. . -  I 
I 


